The study and therapy of age-related macular degeneration (AMD), a leading cause of blindness worldwide, have taken great strides over the past decade. During the same time, a central role for RNA in many human diseases has been discovered. We have identified anti-angiogenic functions for synthetic double stranded RNAs (dsRNAs) in neovascular AMD and cytotoxic functions for endogenous dsRNAs in atrophic AMD. These findings provide new insights into the pathogenesis and therapy of both forms of AMD. (Invest Ophthalmol Vis Sci.
clinical management of CNV, as these drugs were the first to improve vision on an aggregate mean basis. [11] [12] [13] Still, anti-VEGF-A antibody therapy is not a panacea, as only one third of patients recover driving vision, whereas one sixth progress to registered blindness. Thus, there is tremendous interest in developing alternative therapeutic strategies. One such approach that generated tremendous excitement is small interfering (si)RNA therapy, a concept that capitalized on the revolutionary discovery of endogenous intracellular machinery that employs short, double-stranded (ds)RNAs to target specific mRNAs for cleavage and degradation. 14 The introduction of siRNAs, which are synthetic chemical structures mimicking endogenous short dsRNAs, into the cell can replicate this naturally occurring process of RNA interference (RNAi). 15 It is notable that the first human trials of siRNAs were conducted in the eye. siRNAs targeting VEGF-A (bevasiranib) or one of its receptors VEGFR-1 (siRNA-027/AGN 211745) were tested as intravitreously administered drug candidates in clinical trials in patients with CNV due to AMD. Interestingly, neither of these siRNAs was formulated for cell permeation, which is a requirement for executing the intracellular process of RNAi. Indeed, several studies have demonstrated that 21-nt siRNAs do not permeate mammalian cells unless they are specially formulated to do so. 16 -22 Current approaches to executing bona fide RNAi using siRNAs use conjugation to cholesterol moieities, encapsulation by liposomes or nanoparticles, transfection with chemical or viral delivery agents or other similar modalities. However, bevasiranib and siRNA-027/AGN 211745 are naked siRNA entities that are incapable of entering mammalian cells and therefore are incompetent to execute RNAi. Their reported antiangiogenic effects in experimental models of CNV were thus surprising. 23, 24 Hence, we reexamined the mechanism of action of siRNAs in the laser injury-induced model of CNV, to which we devote the next section.
ANALYZING CNV
Laser injury as an experimental model of CNV was introduced in a series of foundational manuscripts by Ryan. 25 Subsequently, this model was extended to rats, pigs, and mice. Although the model is not synonymous with CNV development in patients with AMD, it does replicate many of the salient molecular and pathologic features of AMD-related CNV. 26 Notably, excessive laser photocoagulation also induces CNV in humans.
The size of the laser-induced CNV lesion has been estimated by measuring its thickness (height) in histologic sections or by measuring either its area or volume. The latter measurements are aided by staining choroidal endothelial cells using antibodies against endothelial cell markers or various lectins with affinity for endothelial cells. Measurements of thickness inevitably suffer from many selection and orientation biases. Measurements of area can, as seen in Figure 1 and, as has been long recognized, 27,28 vary greatly, depending on the precise focal plane being imaged, and can lead to misinterpretation of actual lesion size. Therefore, our laboratory, 29 -34 as well as that of others, 35, 36 employs volumetric analysis in recognition of the three-dimensional geometry of the CNV lesion.
The "activity" of the CNV lesion is often assessed by fluorescein angiography. Similar to angiography studies in humans, sodium fluorescein is injected intravenously, and a time series of images is captured through the dilated pupil. We have proposed a four-point scale to introduce a quantitative element to the interpretation of angiographic leakage patterns. 32 Still, it should be recognized that this readout is, at best, semiquantitative. A robust quantitative measure of CNV activity or leakage has not yet been established.
SIRNAS HAVE GENERIC ANTIANGIOGENIC ACTIVITY
Our initial experiments confirmed that intravitreous administration of 21-nt siRNAs whose sequences were identical with bevasiranib and siRNA-027/AGN 211745 reduced CNV volume and leakage in C57BL/6J (B6) mice. However, we were puzzled when various "control" siRNAs also suppressed CNV. Regardless of whether these control siRNAs targeted nonmammalian genes such as green fluorescent protein (GFP) or firefly luciferase (Luc), mammalian genes not expressed in the eye such as bone-specific osteocalcin, kidney-specific cadherin 16, and lung-specific surfactant protein B or random sequences not found in any sequenced genome, we found that 21-nt siRNAs uniformly suppressed CNV. This sequence-and target-independent effect led us to hypothesize that a pattern recognition response was responsible. We focused on toll-like receptor-3 (TLR3), a member of the TLR family of pathogen associated molecular pattern recognition receptors that was known to recognize long viral dsRNAs. 37 We observed that 21-nt siRNAs did not reduce CNV volume in Tlr3 -/mice and that anti-TLR3 neutralizing antibodies blocked the antiangiogenic effect in B6 wild-type mice. We also found, using flow cytometry and immunofluorescent lo-calization, that TLR3, which originally was localized to endosomal structures in immune cells, is also expressed on the cell surface of both choroidal endothelial cells and retinal pigmented epithelial cells. These findings argued that 21-nt naked siRNAs incapable of cell permeation suppressed CNV via cell surface TLR3 activation. Next, we sought the signaling pathways responsible for this angioinhibitory activity. Mice lacking a functional version of the Trif-adaptor protein, which is used by TLR3 to transduce intracellular signaling, 38 were resistant to the antiangiogenic activity of 21-nt siRNAs. Trif activation has been reported to bifurcate either via nuclear factor-B (NF-B) or interferon-regulatory factor-3 (IRF3) 39 ; we found that 21-nt siRNAs suppressed CNV via activation of NF-B, but not IRF3.
A survey of the expression profiles of various cytokines led us to determine that interleukin (IL)-12 and interferon (IFN)-␥ were upregulated by 21-nt siRNAs after laser injury. We focused on these two cytokines because they are induced by TLR3 activation and suppress angiogenesis in numerous models. 40 Our findings that intravitreous administration of IL-12 or IFN␥ suppressed laser-induced CNV in B6 wild-type mice, coupled with the resistance of mice lacking the genes encoding for these proteins to the angioinhibitory activity of 21-nt siRNAs, led us to conclude that these cytokines were critical mediators in this process.
Interestingly, we found that 21-nt or longer siRNAs suppressed CNV but shorter versions did not. To understand the structural basis of the inactivity of 19-nt and shorter siRNAs in this model system, we turned to molecular modeling. Using the reported crystal structures of the TLR3 ectodomain and of dsRNA, we found that the minimum length of dsRNA required to span the dimerizing domains of TLR3 corresponded to the end-to-end length of a 21-nt dsRNA. Since TLR3 dimerization is necessary for receptor-mediated signaling, [41] [42] [43] we attributed the sharp demarcation in siRNA length for suppressing angiogenesis to the geometry of the TLR3:dsRNA complex. Our speculation was subsequently confirmed by an independent reexamination of the TLR3:dsRNA binding complex. 44 Several Calculating CNV using area measurements may lead to artifactual differences, as determined by precise focal plane during imaging. CNV lesion size is most accurately measured using volumetrics whereby areas derived from a z-stack of focal plane images are summed from the most anterior to posterior plane of the lesion, as seen in the orthogonal section of an FITC-lectin stained choroid 7 days after laser injury (a). When CNV lesion size is calculated by using areabased methodology, there may be large artifactual differences due to the observer choice of focal plane from which the image slice is taken. Thus, depending on whether the operator chosen image slice is selected from the anterior (yellow line), middle (blue line), or posterior (red line) aspect of the lesion (b), there will be large variation in the final area measurement (c-e).
in vitro studies also have reported that 21-nt siRNAs bind and activate TLR3. [45] [46] [47] Two independent groups have subsequently confirmed our finding that 21-nt siRNAs can suppress CNV in mice, regardless of their targeting sequence. 48, 49 These groups have also reported that 21-nt siRNAs generically suppress the expression of VEGF-A, further elucidating their mechanism of action. We and our colleagues have also reported that nontargeted 21-nt siRNAs also suppress angiogenesis in models of corneal suture injury, dermal excisional wounding, and hind limb ischemia. 33, 50 A recent study also reported that nontargeted 21-nt siRNAs can suppress tumor angiogenesis via TLR3 activation. 51 Collectively, the robust and broad antiangiogenic effects of nontargeted 21-nt siRNAs have been demonstrated in multiple organs.
DSRNAS AND GEOGRAPHIC ATROPHY
We reported that the poly I:C, a long dsRNA that is a synthetic mimic of viral transcripts, can activate TLR3 and cause retinal pigmented epithelial (RPE) cell death in human RPE cells in culture and in mice in vivo. 52 Interestingly, we also found that 21-nt siRNAs can generically cause RPE cell death via TLR3 (Kleinman et al., unpublished data, 2008) . Indeed, this generic activity can be misinterpreted as evidence of bona fide target knockdown. For example, intravitreous injection of 21-nt siRNA-Luc causes reduction of GFP signal in GFP transgenic mice because of RPE cytotoxicity (Fig. 2) . A similar effect would be observed if 21-nt siRNA-Gfp were administered and could be misconstrued as evidence of gene silencing.
Stimulated by these findings that synthetic dsRNAs can cause RPE cell death, we explored the possibility that endogenous accumulation of dsRNAs may underlie the pathogenesis of geographic atrophy, which is characterized by RPE cell death. Indeed, we found that there was abundant and specific accumulation of dsRNA in the RPE in human donor eyes with geographic atrophy. Unbiased dsRNA sequencing revealed these transcripts to be the Alu RNA that accumulates in the RPE because of a dramatic reduction in the enzyme DICER1 in this disease state. 53 Interestingly, the geographic atrophy phenotype in a mouse model of conditional DICER1 ablation was not due to microRNA expression deficits but rather to the accumulation of toxic Alu-like repeat transcripts that activated caspase-3-induced apoptosis.
CONCLUDING THOUGHTS
Our surprising findings reinforce the need for extraordinary rigor in siRNA experimentation using, for example, the benchmark standards for siRNA experimentation advanced by the Horizon Symposium on RNA 54 and other colloquia. 55 Our observations also highlight unexpected functions for dsRNAs in modulating cell survival and vascular growth that can be exploited for therapeutic benefit in both atrophic and neovascular AMD. 
